The molybdenum cofactor (Moco), a highly conserved pterin compound coordinating molybdenum (Mo), is required for the enzymatic activities of molybdoenzymes. In all organisms studied so far Moco is synthesized by a unique and evolutionary old multistep pathway that requires the activities of at least six gene products. 
M olybdenum (Mo) plays an important role as the active center in molybdoenzymes (Mo-enzymes), catalyzing essential redox reactions in the global C, N, and S cycles (1) . Mo-enzymes are important for such diverse metabolic processes as sulfur detoxification and purine catabolism in mammals (2) , nitrate assimilation in autotrophs, and phytohormone synthesis in plants (3) . With the exception of nitrogenase, in all Moenzymes studied so far Mo is activated and chelated by the so-called molybdenum cofactor (Moco). Moco consists of Mo covalently bound via a dithiolene group to the unique pterin compound molybdopterin (MPT) (4), a tetrahydro-pyranopterin (5, 6 ) that is highly conserved in eukaryotes, eubacteria, and archaebacteria. Biosynthesis of Moco requires the multistep synthesis of the MPT moiety followed by the subsequent transfer of Mo (3, 7, 8) . A mutational block in Moco biosynthesis leads to the combined loss of function of all Mo-enzymes. Plant cells can no longer assimilate inorganic nitrogen and have changed levels of certain phytohormones (9) , which is lethal for the organism. Human Moco deficiency as rare inborn error is characterized by loss of activity of sulfite oxidase, xanthine oxidase, and aldehyde oxidase. Affected patients die early postnatally because no therapy is yet available (10) .
At least six gene products are involved in the biosynthesis of Moco as identified in humans (11) (12) (13) (14) , plants (15, 16) , and bacteria (7) . GTP, the proposed starting compound, is converted via precursor Z (17, 18) to the pyranopterin MPT. In eukaryotes, the final step of cofactor maturation, i.e., the transfer and incorporation of Mo into MPT, is catalyzed by the two-domain protein Cnx1 in plants (15) and by the neuroreceptor anchor protein (19) gephyrin in mammals ( Fig. 1) (14) . Both domains are highly homologous to the separately expressed Escherichia coli proteins MoeA and MogA. A mutation in proteins catalyzing the last step of Moco synthesis leads to a molybdate-repairable phenotype (20) (21) (22) (23) . The functional integrity and homology of the G domains in Cnx1 and gephyrin was demonstrated by heterologous complementation of the E. coli mogA mutant by using cnx1 (15) or gephyrin cDNAs (14) . In contrast, we have not been able to demonstrate functional complementation of E. coli moeA mutants by the E domain of Cnx1 and gephyrin (G.S., unpublished data). Although in E. coli only a mutation in the mogA gene (or the molybdate transporter encoded by the mod locus) causes the molybdate repairability (24) , recently a molybdate repairable phenotype was described for a mutation in the moeA gene of Rhodobacter capsulatus (25) . This moeA mutation was only molybdate repairable for enzymes that contain the MPT-based cofactor (like that of eukaryotic enzymes), whereas activities of enzymes with a dinucleotide-based cofactor, as occurring in eubacteria and archaebacteria, were not restored by molybdate. These results suggest that in eukaryotes both the E and G domains are essential for the conversion of MPT to Moco. As biochemical support for this proposal we have shown that both eukaryotic proteins, Cnx1 and gephyrin, bind MPT with high affinity by their E and G domains (14, 26) , indicating their functional role in the transfer of Mo to MPT. Because molybdate is sufficient to overcome a mutation in the last step of Moco synthesis, molybdate can be postulated as the source of Mo. However, binding of molybdate to Cnx1 has yet to be demonstrated. Results of Hasona et al. (27) suggest a role for MoeA in activation of molybdate. One can argue that the E domain in Cnx1 generates a Mo species that could be used by the adjacent G domain to convert MPT to Moco.
To identify amino acid residues essential for the function of Cnx1 G domain and in particular for high affinity MPT binding we took advantage of the described functional complementation of E. coli mogA mutants by Cnx1 (15) . Here we report the random mutagenesis of Cnx1 G domain and subsequent functional screen for loss of mogA complementing activity. Different mutants were identified with mostly total loss of function that permitted us to dissect single steps within the catalyzed transfer of Mo to MPT. We isolated mutations in residues important for MPT binding and in residues that did not affect the pterin binding. However, in all cases the mutants were no longer able to introduce Mo into MPT to form active Moco. Finally, the mutants with reduced MPT binding have lost the third functional property of the G domain, namely the stabilization of the formed product by preventing the dissociation of Mo from Moco. (20) were cultured at 30°C. For mutagenesis, functional complementation, and recombinant expression, the previously described expression construct of Cnx1 G domain (pQE60cnx1G) (26) was used. Aerobic growth was achieved by vigorous shaking (Ͼ200 rpm) on an orbital shaker. Anaerobic growth conditions were obtained under an atmosphere of nitrogen, hydrogen, and carbon dioxide in an anaerobic chamber, by using a palladium catalyst to remove residual oxygen (Gaspak, BBL). Screening of strains for chlorate resistance was carried out under anaerobic growth conditions as described (20) , by using LB agar plates supplemented with 15 mM potassium chlorate and 0.2% glucose. For MPT copurification 50 ml of culture medium was inoculated with 2 ml of overnight culture followed by aerobic growth for 1 h at 30°C. Subsequently, expression of Cnx1 G domain was induced by addition of 1 mM isopropyl ␤-thiogalactoside (IPTG) and cells were grown for an additional 10-12 h before harvesting.
Experimental Procedures
In Vivo Mutagenesis of Cnx1 G Domain. Mutagenesis was achieved by passage of the Cnx1 G domain on plasmid pQE60cnx1G through the mutator strain ES1578. Briefly, single colonies of ES1578 that was freshly transformed with pQE60cnx1G were grown aerobically for 17-21 h in 5-ml cultures. Plasmid DNA subsequently was isolated and used to transform RK5206. For each series 1 g mutagenized plasmid DNA was transformed into 200 l competent mogA cells and was plated directly onto chlorate-selective media. Chlorate-resistant colonies also were screened for loss of nitrate reductase activity by colony overlay assay (29) . Plasmid DNA subsequently was isolated, and cnx1G was sequenced on both strands to identify the mutation.
Determination of MPT Content. MPT was detected and quantified by conversion to its stable oxidation product FormA-dephospho according to ref. 30 . Oxidation, dephosphorylation, quarternary aminoethyl chromatography, and HPLC analysis were performed as described (26) . FormA-dephospho was quantified by a standard isolated from xanthine oxidase by using the extinction coefficient of 380 ϭ 13,200 M -1 ⅐cm -1 (31) .
Purification of Recombinant Proteins. Large-scale purifications of wild-type and mutated Cnx1 G domains were performed after expression in M15 cells (Qiagen) according to ref. 26 . For MPT copurification simultaneous protein purification was performed by using drop columns with 0.5 ml Ni-nitrilotriacetic acid matrix. Purification was subdivided into the following steps: loading of 1 ml crude extract, washing (2 ϫ 3 ml), and elution (2 ϫ 1 ml). The eluent immediately was desalted on a PD10 gel filtration column previously equilibrated with 100 mM Tris⅐HCl, pH 7.2 and either directly used for further experiments or shock-frozen in liquid nitrogen and stored at Ϫ70°C. Purity of the proteins was checked by using 12.5% SDS͞PAGE (32) . For CD spectroscopy further purification of the proteins was achieved by anion exchange chromatography on an Uno Q1 column (Bio-Rad). Pure fractions were pooled, concentrated (centricon; Amicon), and rebuffered on nick columns to 40 mM sodium phosphate buffer (pH 7.8).
CD Spectroscopy. Purified proteins were used in a concentration of 0.1 mg͞ml. Spectra were recorded on a J-600 CDspectrometer (Jasco, Tokyo) at 10 nm͞min scan speed with eight repetitions and a noise reduction of factor 10.
Enzyme Assays and MPT Binding Experiments. Nitrate reductase activity in crude extracts was determined by a spectroscopic assay using benzyl viologen as described (33) . MPT binding experiments were performed with protein-free MPT isolated from xanthine oxidase by ultra-filtration and gel filtration (26) .
Nit-1 Reconstitution. Neurospora crassa nit-1 extract was prepared as described (34) and stored in aliquots at Ϫ70°C. The reconstitution assay was performed in 60 l reaction volume containing 40 l of nongel-filtrated or 50 l of gel-filtrated nit-1 extract in the presence of 4 mM reduced glutathione. Immediately before use, nit-1 extract was gel-filtrated on nick columns by loading 400 l of extract and eluting 500 l sample from the column previously equilibrated with 50 mM sodium phosphate, 200 mM NaCl, 5 mM EDTA, pH 7.2. Purified MPT source was added in different amounts (0.5-10 l) according to the previously determined linear range of the reconstitution assay in the absence or presence of 10 mM sodium molybdate. Complementation was carried out anaerobically for 2 h at room temperature. After addition of 20 mM NADPH for 10 min, reconstituted NADPH-nitrate reductase activity was determined as described (34) .
Results
Functional Screening for Mutants of Cnx1 G Domain. To investigate the functional role of important amino acid residues in the G domain of Cnx1, mutants of the G domain were generated by random mutagenesis in the E. coli strain ES1578. For screening of functionally important mutations we have taken advantage of the finding that Cnx1 (15) and its G domain alone (G.S., unpublished data) are able to restore nitrate reductase activity in E. coli mogA mutants.
After exhaustive mutagenesis, we obtained 28 mutants that were unable to restore nitrate reductase activity in the E. coli mogA mutant RK5206. Nitrate reductase-negative clones subsequently were checked for expression of the Cnx1 G domain by immunoblotting. A significant proportion of the isolated mutants failed to express G domain protein, and these were not investigated further. However, we obtained four independent mutants that showed an unchanged expression level under noninducing (no IPTG) conditions when compared with the wild-type protein, and these were further analyzed. Sequence analysis of these mutants showed that in each case loss of function was caused by a single point mutation in the DNA sequence of the Cnx1 G domain. Each mutation altered a highly conserved amino acid residue (Fig. 1) . The aspartate residue at codon 515 was mutated twice, resulting in nonconservative exchanges to asparagine and histidine (D515N, D515H). The two other mutants also show nonconservative exchanges where valine 557 is mutated to a glycine (V557G) and the asparagine 597 is changed to leucine (N597L).
To quantify the effect of each mutation we measured the specific nitrate reductase activity of mogA mutants complemented with clones carrying wild-type and mutated proteins. The complementing activities of all four mutants in mogA crude extracts were strongly reduced (Fig. 2) . Strains carrying Cnx1 G domains with the N597L and both aspartate 515 mutations had only basal levels of nitrate reductase activity, comparable to the mogA mutant alone. The V557G mutation gave a low, but measurable, rate of complementation, indicating a partial loss of function. The levels of expressed G domains were comparable in all strains (Fig. 2) .
MPT Binding Properties of Purified Cnx1 G Domains. The mutated G domains and the wild-type protein were recombinantly overexpressed in E. coli and purified to homogeneity. The aspartate mutants showed the same level of expression as the wild-type protein under complementing (no IPTG induction) or overexpressing (IPTG induced) conditions that resulted in 1.2-1.45 mg protein͞50 ml culture medium (Fig. 3A) . The two other mutants, however, were expressed at a significantly lower level during overexpressing conditions with a yield of 0.12-0.13 mg protein͞50 ml culture medium. Because the aspartate mutants and the wild type do not differ in their expression level, it is unlikely that these mutations significantly affect folding of the protein. This conclusion is strengthened by CD spectroscopy (Fig. 3B) . The other two mutants (V557G and N597L) are expressed at lower levels, raising the possibility that the mutations could change the overall folding and structure of these protein domains. CD spectroscopic analysis (Fig. 3B) indicates that the asparagine mutant (N597L) shows signals comparable to the wild type (only a small shift at 195 nm) and the aspartate mutants, suggesting no significant change in the overall secondary structure of this mutant. In contrast, the V557G mutant exhibits marked changes in the secondary structure, suggesting that the protein may be partially unfolded because of its reduced CD signals at 195 and 210 nm.
To examine differences in the biochemical properties of the four mutated proteins, MPT binding experiments were performed with 200 nM purified protein. Each of the mutant proteins was capable of binding MPT, but with different affinities (Fig. 4A) . Thus, the aspartate mutants D515N and D515H bound MPT with the same affinity, or even more tightly than the wild-type G domain (K d ϭ 120 Ϯ 15 nM, n ϭ 195 Ϯ 19 nM). In contrast, the V557G and N597L mutants showed a significant decrease in MPT binding capacity. The increase in K d and decrease in binding sites of the V557G and N597L mutants could reflect a conformational change at the MPT binding pocket that may be correlated to a more structural character of the mutation that fits well with the lower level of IPTG-induced protein expression (Fig. 3A) . One can suppose that the loss of function of these two mutants is caused, at least in part, by the decrease in MPT binding. On the other hand, because both D515 mutants show an MPT binding affinity similar to the wild-type protein, the mutant phenotypes must result from a loss of function of the G domain that is distinct from MPT binding. This second function could be the insertion of Mo into MPT, forming active Moco, or the stabilization of Moco itself to prevent the dissociation of Mo from the pterin.
MPT Content of mogA Mutants Expressing Wild-Type and Mutant Cnx1
G Domains. Because of the defect of E. coli mogA mutants in the last step of Moco synthesis, MPT as intermediate of the pathway is highly accumulated (G.S., unpublished data). In addition, the high-level expression of Cnx1 G domain resulted in an accumulation of MPT 10-20 times higher than the wild type ( Fig. 4B ; G.S., unpublished data) that could arise from its high affinity binding of MPT. Therefore, the ability of the G domain mutants to induce MPT synthesis was investigated (Fig. 4B) . Crude cell extracts of the mogA strain expressing either of the aspartate 515 mutants (D515N and D515H) showed MPT contents comparable to strains carrying the wild-type G domain, confirming that the MPT binding behavior of these mutated proteins is unaffected in vivo. In contrast, the V557G and N597L mutants were not able to induce MPT synthesis in mogA mutants (Fig. 4B) . This finding is in agreement with the results of the MPT binding experiments where a lower binding capacity of these two mutants was observed (Fig. 4A) . Because expression levels achieved with 0.1 mM IPTG are sufficient to induce MPT synthesis (G.S., unpublished data), the lack of induction of MPT synthesis by expression of the V557G and N597L mutants reflects the reduced MPT binding capacity rather than the reduced expression level. These results suggest that the MPT binding and the ability to induce MPT synthesis are closely linked.
Purification of G Domains After Expression in mogA Mutants.
If there is a correlation between the MPT binding property of the G domain and induction of MPT synthesis, the major part of formed MPT (or Moco) should be bound to the G domain. To verify this, proteins were purified on small Ni-nitrilotriacetic acid drop columns as described in Experimental Procedures, and the amounts of cofactor present in crude cell extracts, wash fractions, and purified proteins were determined by FormA analysis. After purification, the main part (80-87%) of total MPT detectable in crude total cell extracts expressing either the wild-type G domain or the two aspartate 515 mutants (D515N and D515H) could be copurified with the recombinant proteins (Fig. 5A) . The high recovery of MPT after purification is in line with the observed low dissociation of bound MPT from the G domain (26) . These results confirm the in vivo binding of MPT to be similar among both aspartate mutants and the wild-type protein. Based on this finding it can be concluded that the induction of MPT synthesis by Cnx1 G domain is a result of the high affinity binding of MPT to the G domain. We already have demonstrated (Fig. 4B ) that the MPT content in crude extracts of mogA cells expressing V557G or N597L is significantly lower. Fig. 5A shows that these proteins bind MPT with less capacity (23% MPT on V557G and 11% MPT on N597L).
Activity of Copurified MPT in the nit-1 Reconstitution Assay. Based on the FormA analysis in the previous experiments it is unclear whether MPT or Moco was bound to purified G domains. To distinguish between the two possibilities, the purified protein͞ pterin complex was used for nit-1 reconstitution experiments. The protein was not denatured for release of cofactor because we assumed that the G domain has a function in transferring or generating Moco in vivo and should be able to donate the cofactor to a Mo-enzyme. The nit-1 reconstitution assay is a widely used and accepted method for the detection of Moco and MPT from biological sources by transfer to the nit-1 apo-nitrate reductase.
Reconstitutions were performed by using free MPT (isolated from xanthine oxidase) or MPT bound to the G domain with either the nit-1 crude extract or the protein fraction of gelfiltrated nit-1 extract (i) in the absence of external molybdate to determine active Moco or (ii) in the presence of 10 mM sodium molybdate to measure total MPT by chemical conversion to Moco (Fig. 5 B and C) . The activities obtained were normalized to the MPT level bound on each protein. All proteins contained MPT that was detectable in nit-1 crude or gel-filtrated extracts in the presence of molybdate (Fig. 5 B and C, gray bars) . These data indicate that the copurified MPT bound to wild-type or mutated G domains is biologically active. However, in the absence of molybdate only the wild-type G domain generated active Moco in nit-1 crude extract (Fig. 5B , molybdate, dark bars). This result is biochemical evidence that both D515N and D515H have lost this particular ability to donate active Moco. In addition, it is apparent that the V557G and N597L mutants also lack this function, which can be distinguished from MPT binding. The slight background activity of V557G is in line with its 30% residual mogA-complementing activity (Fig. 2) , whereas N597L seems to be able to donate its bound MPT efficiently to the nit-1 apo-nitrate reductase. Keeping in mind that the residual amount of bound MPT on N597L was the lowest (11%), a high dissociation rate of MPT also would explain the high nit-1 reconstitution (Fig. 5C) . Nevertheless, the absolute activity (per protein) of the V557G and N597L mutants was dramatically reduced compared to the wild type and the aspartate mutants (data not shown). Finally, free MPT isolated from xanthine oxidase gives an activity lower than any protein-bound MPT (Fig. 5 B and  C, white bar) .
In contrast, the observed activity of wild-type G domain to donate Moco to nit-1 apo-nitrate reductase is completely abolished when using gel-filtrated nit-1 protein extract (Fig. 5C ). Because gel filtration of the nit-1 extract serves to remove low molecular weight compounds from the extract, including MPT precursors and metal ions, such a component seems to be essential for the wild-type G domain to generate active Moco. One can argue that the species bound by the purified G domain is MPT and not Moco itself, because active Moco can be transferred efficiently to gel-filtrated nit-1 protein extract (22, 23) , which will be shown later (Fig. 6B ). This result is suggestive evidence that the G domain catalyzes the formation of Moco from prebound MPT in the nit-1 crude extract by using a low molecular weight compound, whereas all of the mutants failed to convert their MPT to Moco.
Binding and Stabilization of Moco by the Cnx1 G Domain. As the Cnx1 G domain is able to convert MPT to Moco we wanted to test whether or not the formed product can be bound and stabilized by the G domain. Moco was chemically generated from MPT previously isolated from xanthine oxidase in the presence of 10 mM sodium molybdate as described (35, 36) and was added to Cnx1 G domains. Subsequently, bound and free Moco as well as free molybdate were separated by gel filtration. In the protein fraction we determined (i) the total amount of bound MPT͞ Moco (FormA analysis) and (ii) the fraction of active Moco by reconstituting gel-filtrated nit-1 protein extract.
Comparing the amount of bound MPT͞Moco between wildtype G domain and the mutants it can be seen again that the V557G and N597L mutants show a strong decrease in MPT binding (Fig. 6A) . The higher affinity of both aspartate mutants for MPT is shown more clearly in the gel filtration experiment, indicating a decrease in MPT dissociation. Taking the detected MPT levels as a basis for normalizing the Moco content determined by nit-1 reconstitution, we can show that both aspartate mutants bind Moco in the same way as the wild-type G domain (Fig. 6B) . However, the V557G and N597L mutants show a significant decrease in their Moco binding (Fig. 6B) , whereas their biologically active MPT is almost similar to the other mutants (Fig. 6C) . Taking together that the V557G and N597L mutants show a decrease in MPT binding as well as a loss of Moco stabilization, the combination of both impairments explains their dramatic loss of function when calculating Moco activities on protein level (Fig. 6D) .
Discussion
The molybdate repairability of mutations in Cnx1 (15) , together with ability of the isolated E and G domains to bind MPT (26) , implies a role for the protein in the synthesis of active Moco. To test this function, we have taken advantage of the ability of the G domain to complement E. coli mogA (15) strains to isolate a number of mutations of the Cnx1 G domain that result in a loss of function.
We have clearly demonstrated that two of these mutations, V557G and N597L, show a strong reduction in the affinity for MPT, suggesting that the MPT binding site is affected in these mutants. Two additional mutations in the highly conserved aspartate at position 515 do not impair MPT binding to the protein. This finding indicates that the G domain has a second function in addition to the ability to bind MPT. To investigate this additional function, we overproduced and isolated the wild-type and mutant G domains. During these experiments we observed that expression of either the wild-type, D515H, or D515N G domains resulted in a dramatic induction in the cellular levels of MPT. The vast majority of MPT in these strains was found associated with the overexpressed proteins. These observations support our previous findings in that they suggest that MPT binding by the G domain in vivo is very tight (26) .
The overexpressed and isolated wild-type and mutant G domains carrying bound MPT in the presence of molybdate were capable of activating the inactive nitrate reductase present in the nit-1 crude extract. However, in the absence of added molybdate, only the wild-type domain was capable of using a low molecular weight molybdenum compound present in the nit-1 crude extract to form active Moco. The nature of this Mo compound is not yet clear, but it is apparent that the D515H and D515N mutations are incapable of using this compound as a substrate for Moco synthesis.
The Cnx1 G domain is able to bind and stabilize active Moco as shown by molybdate-independent nit-1 reconstitution. However, binding of MPT and stabilizing of Moco in a donatable form are obviously different functional properties as can be seen in the behavior of the V557G and N597L mutants. Their ability to bind MPT is reduced (Fig. 6A) , whereas their property to stabilize and donate active Moco is completely lost (Fig. 6D) . Nevertheless, both properties are linked and must be regarded as two effects of one and the same structural region within the G domain.
The recently solved structure of the E. coli MogA protein (37) confirms our biochemical data on a structural level, assuming a similar folding of the Cnx1 G domain. In E. coli MogA, the residues corresponding to V557G and N597L both appear to be involved in mediating interactions between secondary structures. Further, V557 (V91 MogA) is located in ␤-strand 4 that is part of the trimer-forming interface in MogA. N597 is homolgous to N131 in E. coli MogA, which is the first residue of ␣-helix 5 that seems to be involved in forming the substrate binding pocket. In line with the MogA structure, the observed biochemical properties of the V557G and N597L mutants in Cnx1 G domain are suggested to have a structural influence and not to be directly involved in substrate binding and conversion to Moco.
Interestingly, the residue in MogA corresponding to the D515 was knocked out by Liu et al. (37) as well. On the basis of their observation it was assigned to a highly important region of the protein that is part of the putative active site. For this aspartate residue, direct substrate interactions are most likely because its position is near to an additional electron density that has been modeled as sulfate although it could be replaced principally by molybdate. These structural findings underline the functional importance of this residue, namely the conversion of MPT to Moco as indicated by our data.
Based on the mutations identified we assume that Cnx1 G domain shares different functional properties that are essential for catalyzing the conversion of MPT to active Moco: binding of MPT, inserting Mo into MPT, and stabilizing the so-formed Moco in its native state (Fig. 6E ). It would be tempting for the future to investigate the nature of the Mo compound that is used for the generation of Moco by the Cnx1 G domain in nit-1 crude extracts. Finally, the functional role of the E domain in Cnx1 for transfer and͞or activation of Mo remains to be elucidated.
